Summary Effects of sodium naphthenates (NAs) on root hydraulic conductivity (L p ) and gas exchange processes were examined in aspen (Populus tremuloides Michx.) seedlings grown in solution culture. Exposure of roots to NAs for 3-5 weeks significantly decreased L p and stomatal conductance. Root-absorbed NAs also decreased leaf chlorophyll concentration, net photosynthesis and leaf growth. Short-term (≤ 2 h) exposure of excised roots to NAs significantly decreased root water flow (Q v ) with a concomitant decline in root respiration. We conclude that NAs metabolically inhibited L p , likely by affecting water channel activity, and that this inhibition could be responsible for the observed reductions in gas exchange and leaf growth.
Introduction
Naphthenic acids are water-soluble mono-and polycyclic alkanes with a side chain bearing a carboxyl group (Fan 1991 , Herman et al. 1993 . Naphthenic acids are known to act as surfactants and have both hydrophilic properties, as a result of the polar carboxyl group, and hydrophobic properties, as a result of the non-polar aliphatic end (FTFC 1995) . Naphthenic acids are present in bitumen from which they are released during the extraction process (Schramm et al. 1983 ). The extraction of oil sands in northern Alberta, Canada, produces large volumes of tailings that contain relatively high concentrations of naphthenates, sodium, bicarbonate, sulfate, chloride, boron and fluoride ions (FTFC 1995) . These tailings typically have a pH over 8.0 and concentrations of naphthenic acids that range from 50 to 100 mg l -1 . However, in many reclamation areas, soil concentrations of naphthenic acids may be higher than 100 mg l -1 as a result of evaporation. High salinity and ionic loads in the tailings exert toxic effects on plants and thus hinder reclamation of oil sands mining areas (Renault et al. 1998 (Renault et al. , 2000 . Although many plant response mechanisms to sodium, sulfate, chloride and boron have been described (Renault et al. 1998 , Apostol et al. 2002 , the effects of naphthenic acids on plants have received little attention.
Naphthenic acids are believed to be toxic to many aquatic organisms, including plants and fish (Baker 1970, Dokholyan and Magomedov 1983) . Copper naphthenate is toxic to wooddestroying fungi and hence is used as a wood preservative (De Groot et al. 1988) . In contrast, potassium naphthenate exhibited plant growth stimulating effects when sprayed on shoots (Wort et al. 1973 , Wort 1976 .
Because naphthenic acids can act as surfactants and toxic agents (FTFC 1995) , they could alter the uptake and transport of minerals and water from the soil, which could produce secondary responses in plants and affect gas exchange and metabolic processes. Therefore, we investigated the effects of rootabsorbed naphthenic acids on root water transport, gas exchange, leaf growth and respiration in aspen (Populus tremuloides Michx.). We selected aspen for study because it can tolerate the high salinity of the tailing water from oil sands (Renault et al. 1999) , and hence is a potential candidate for reclamation of oil sand mining sites. We tested the hypothesis that naphthenic acids adversely affect the physiology and growth of plants through their effects on root water flow properties, possibly by interfering with metabolic processes in roots.
Materials and methods

Plant materials and experimental conditions
Aspen seeds were germinated and seedlings grown for 5 weeks in a 1:1 (v/v) peat:sand mixture in Styrofoam containers. The seedlings were then removed from the containers and the roots gently washed free of soil in cold tap water before the seedlings were transferred to 10-l containers filled with aerated half-strength modified Hoagland's solution (Epstein 1972) . Twenty containers (five containers per treatment), each with eight seedlings, were randomly placed in a growth room set to provide a 16-h photoperiod with photosynthetic photon flux density (PPFD) of 300 µmol m -2 s -1 , 22/18°C (day/night) temperature, and a relative humidity of about 65%. The seedlings were grown in solution culture for 3 weeks before the experimental treatments were imposed. The nutrient solution was replaced weekly.
Naphthenic acids treatments
A stock solution of sodium naphthenates (NAs) (Acros Organics, Geel, Belgium) was made by dissolving naphthenic acids in 2 ml of 1 N NaOH solution and then adding Millipore-quality water. The seedlings were treated with NAs by adding appropriate amounts of the stock solution to the nutrient solution, to achieve concentrations of 75, 150 and 300 mg NAs l -1 nutrient solution. These concentrations contained 67, 135 and 270 mg of NAs l -1 nutrient solution, respectively. Appropriate amounts of NaOH were added to the nutrient solutions to adjust the pH of the solutions to 7.8. The nutrient solution served as the control and received 70 mg NaOH l -1 containing 40 mg Na l -1 , equivalent to the Na concentration in the 300 mg NAs l -1 treatment. The remaining two NAs treatments, 75 mg NAs l -1 and 150 mg NAs l -1 , contained about 30 and 32 mg Na l -1 , respectively. The treatment solutions were replaced at weekly intervals.
Determination of root absorbed NAs
Uptake of NAs by roots was examined in xylem exudates. Xylem exudates were collected from roots that were immersed in half-strength Hoagland's solution containing NAs at 150 and 300 mg l -1 (two root systems per treatment). The roots were placed in a pressure chamber and pressurized to 0.3 MPa and the xylem exudates collected. The NAs in the xylem exudates were determined by Fourier transform infrared spectroscopic analysis of methylene chloride extracts of acidified samples (Jivraj et al. 1996) .
Root hydraulic conductivity measurements
Root hydraulic conductance (K r ) was measured in excised root systems of five seedlings per treatment sampled at random from the replicated containers (n = 5). Before excision, the seedlings were used for gas exchange measurements. A high pressure flow meter (HPFM, Dynamax, Houston, TX) was used to measure K r as previously described (Kamaluddin and Zwiazek 2002) . Each root system, immersed in its respective treatment solution, was subjected to a pressure increasing from 0 to 0.4 MPa. The slope of the regression line of water flow over the applied pressure represented K r and was expressed in kg MPa -1 s -1 (Tyree et al. 1995) . Root volume of each root system was determined from the volume of displaced water, and root hydraulic conductivity (L p ), expressed in kg MPa -1 s -1 cm -3 root volume, was obtained by dividing the K r value by root volume.
Stomatal conductance and photosynthesis measurements
Leaf stomatal conductance (g s ) and photosynthetic rate (P n ) were measured at the end of a 3-week treatment with NAs. The measurements were carried out in the growth chamber where the seedlings were growing with an infrared gas analyzer (CIRAS I, PP Systems, Haverhill, MA) with a broadleaf autocuvette PP system, at a PPFD of 1000 µmol m -2 s -1 . The second fully expanded leaf that was developed after imposition of the NAs treatments was measured for g s and P n in each of the five seedlings randomly sampled from each treatment (n = 5).
Determination of leaf chlorophyll
Leaf chlorophyll concentrations were determined on fully expanded leaves that were developed after the initiation of the NAs treatments. Twenty leaf discs (0.5 cm 2 each) were cut with a cork borer from a single, fully expanded leaf of each sampled seedling and macerated with 2 ml of 80% acetone in a mortar and pestle. The extract was centrifuged at 1500 g for 5 min. The supernatant was diluted to 10 ml with 80% acetone and the absorbance measured spectrophotometrically (Ultrospec III, Pharmacia LKB, Uppsala, Sweden). Chlorophyll concentrations were calculated from the absorbance readings based on the equations of Ziegler and Egle as quoted in Šesták (1971) and expressed on a leaf area basis. Samples were collected from five seedlings per treatment (n = 5).
Measurements of leaf areas
Leaf areas of all fully expanded leaves developed before and after the treatments were measured with a scanner-based computer program (Sigma Scan 3.0, Jandel Scientific, San Rafael, CA). The data were collected from five seedlings per treatment (n = 5). The change in leaf areas was expressed as the ratio of mean areas of fully expanded leaves produced after treatment to mean areas of leaves that were present in plants before the commencement of the NAs treatments and defined as the leaf expansion ratio.
Measurements of steady-state root water flow rates in response to NAs
Steady-state root water flow rates (Q v ) were measured by the hydrostatic pressure method (Wan and Zwiazek 1999 , Kamaluddin and Zwiazek 2001 . A 0.25-l glass cuvette containing half-strength Hoagland's solution was inserted in a pressure chamber (PMS Instruments, Corvallis, OR). The solution was continuously stirred during the measurements. For each measurement, a stem was severed above the collar region and the roots sealed in the pressure chamber. The entire root system was immersed in the solution with the debarked part of the stem protruding through a rubber gasket secured to the lid of the pressure chamber. Chamber pressure was gradually increased to 0.3 MPa and held constant during the measurements. The protruding stem was attached to a graduated pipette by a short piece of rubber tubing and the water expressed through the stem was collected in the pipette. Root Q v of the whole root system was monitored over time by recording the volume of sap every 5 min and the results were expressed in µl H 2 O min -1 root system -1 . The Q v of each root system was recorded for 30 min at a constant pressure of 0.3 MPa before treatment. Then, the pressure was released and the roots were treated with NAs or NaOH using the same concentrations and procedures as described for the long-term NAs treatment. The treated roots were then placed in the pressure chamber and the pressure of 0.3 MPa was restored. The flow was monitored for 90 min after the treatment with NAs or NaOH. In this way, we moni-tored Q v of six root systems for each NAs treatment and the control (n = 6). For control root systems, NAs were replaced with NaOH. The mean Q v value obtained over the initial 30 min was used to normalize the data for each root system.
Root respiration
Root respiration was measured as oxygen uptake with an oxygen electrode (Yellow Springs Instruments, Yellow Springs, OH). Respiration rates were determined by placing the root system in an airtight cylinder containing half-strength Hoagland's solution before and after treating the roots with NAs or NaOH for 2 h. Root respiration was measured in roots used for the determination of Q v . The nutrient solution was continuously stirred during the measurements. Oxygen uptake was monitored for 20 min by recording the data every 2 min in six root systems per treatment (n = 6). Respiration rate was calculated as mean oxygen uptake over time expressed in µg min -1 . Mean oxygen uptake rate recorded before the treatments was used to normalize the data for each root system.
Statistical analysis
The data collected from the longer-term treatments and for root respiration were subjected to analysis of variance. The differences between the treatment means were tested by Duncan's multiple range test.
Results
Root uptake of NAs
Analysis of root xylem exudates revealed the presence of NAs in treated seedlings. Mean concentrations were about 15 mg l -1 for seedlings in the 150 mg l -1 treatment and 21 mg l -1 for seedlings in the 300 mg l -1 treatment.
Root hydraulic conductance and stomatal conductance
The NAs treatments resulted in a significant (P = 0.0001) decrease in L p ( Figure 1A ). At NAs concentrations of 150 and 300 mg l -1 , L p declined to about 43% of the value measured in control seedlings.
Leaf g s also decreased significantly (P = 0.0001) in response to all concentrations of NAs tested ( Figure 1B) . In response to the highest NAs concentration tested (300 mg l -1 ), mean g s declined to about 40% of that in control seedlings. The decline in g s was similar in the 150 and 300 mg l -1 NAs treatments.
Net photosynthesis, leaf chlorophyll and leaf expansion
All concentrations of NAs significantly (P = 0.0001) decreased P n and leaf chlorophyll concentrations. Mean P n decreased with increasing NAs concentration in the root medium. Mean P n of seedlings in the 300 mg l -1 NAs treatment declined to about 40% of that measured in control seedlings (Figure 2A) .
Mean total chlorophyll concentration of leaves in the 300 mg l -1 NAs treatment, measured on a leaf area basis, declined to about 35% of that measured in leaves of control seedlings. There was no significant difference in mean leaf chlorophyll concentrations between seedlings in the 75 and 150 mg l -1 NAs treatments ( Figure 2B ). In control seedlings, mean leaf areas increased over the course of the experiment. Therefore, their leaf expansion ratios were > 1 ( Figure 2C ). However, in seedlings in all of the NAs treatments, mean areas of leaves that developed following treatments were significantly (P = 0.0001) smaller compared with the leaves produced before the treatments, resulting in lower leaf expansion ratios ( Figure 2C ). In the 75 mg l -1 treatment, the leaf expansion ratio was reduced by about 50% compared with control plants and even greater decreases were recorded for seedlings in the higher concentrations of NAs ( Figure 2C ). There was no significant difference in leaf expansion ratios between seedlings in the 150 and 300 mg l -1 NAs treatments ( Figure 2C ).
Root water flow and root respiration in NAs-treated roots
Pressure-induced Q v in NAs-treated roots decreased rapidly, whereas mean Q v in the control roots remained almost constant over the measurement period ( Figure 3A ). An appreciable decline in Q v was noticeable within 30 min after addition of NAs to the root medium. The decline in Q v increased with increasing concentrations of NAs in the root medium. At the lower concentrations of NAs, mean Q v was decreased after 1.5 h to 52-57% of the corresponding pretreatment flow rates. The highest concentration of NAs reduced mean Q v to about 68% of the pretreatment rate. The NAs treatments significantly reduced O 2 uptake rates of the root systems ( Figure 3B ). Two hours after addition of NAs, O 2 uptake rate by roots was reduced to less than 70% of the pretreatment rate in all NAs treatments. Oxygen uptake rates in the control root systems remained unchanged over the measurement period.
Discussion
Exposure to NAs substantially affected the physiology and morphology of aspen seedlings. Because our control seedlings were exposed to nutrient solution containing the same amount of sodium as in the 300 mg NAs l -1 treatment, we attributed the differences in the measured parameters to the naphthenic acids. Treatment with NAs brought about a substantial decrease in g s with a concomitant decline in L p . Because NAs are present in saline tailings of oil sands, and salinity is also known to reduce g s and L p (Evlagon et al. 1990 , Azaizeh and Steudle 1991 , Carvajal et al. 2000 , Apostol et al. 2002 , NAs may aggravate salt effects on plants. Naphthenic acids have surfactant properties (FTFC 1995) and these properties could partly explain the observed inhibition of root water flow, possibly resulting in a decrease in g s . However, NAs also entered the xylem stream through the roots, hence NAs could also affect water flow processes by interfering with plant metabolism. Because water channels (aquaporins) are largely responsible for transmembrane root water transport (Daniels et al. 1994 , Kammerloher et al. 1994 , Maurel 1997 , and transmembrane root water transport is the main component contributing to root hydraulic conductivity in aspen Zwiazek 1999, Kamaluddin and , the NAs-induced reduction in L p may be associated with changes in the activity of water channels. This interpretation is supported by the rapid decrease in Q v with a simultaneous decline in root respiration in response to the NAs treat-1268 KAMALUDDIN AND ZWIAZEK TREE PHYSIOLOGY VOLUME 22, 2002 Figure 2 . Effects of sodium naphthenates (NAs) on (A) photosynthesis (P n ), (B) leaf chlorophyll concentration and (C) leaf expansion ratio (ratio of mean leaf area before and after NAs treatment). Each value is a mean (n = 5) + SE. Measurements were taken 3 weeks for (A) and (B) and 5 weeks for (C) after the initiation of the NAs treatment. Different letters indicate significant differences between treatments at P < 0.05 as determined by Duncan's multiple range test. Figure 3 . Effects of sodium naphthenates (NAs) on (A) root water flow (Q v ) and (B) root respiration of aspen seedlings. Each value is a mean (n = 6) ± SE. The arrow indicates the time of treatment with NAs or NaOH (control). The same root system was measured for Q v and root respiration (2-h treatment) before and after treatment with NAs or NaOH. Different letters indicate significant differences between treatments at P < 0.05 as determined by Duncan's multiple range test.
ments ( Figure 3B ). Metabolic dependence of root water flow and the effects of respiration on water channel function have been reported for several species , Zhang and Tyerman 1999 , Kamaluddin and Zwiazek 2001 , including aspen (Wan and Zwiazek 1999 , Kamaluddin and Zwiazek 2002 . In red-osier dogwood (Cornus stolonifera Michx.), NaN 3 , a potent inhibitor of electron transport and oxidative phosphorylation, inhibited respiration with a simultaneous reduction in root Q v (Kamaluddin and Zwiazek 2001) . Therefore, the reduced activity of root water channels caused by metabolic inhibition, as indicated by decreased O 2 uptake by roots, may account for the decreased Q v that we observed in roots treated with NAs.
The metabolic effect of NAs may vary depending on plant species and NAs treatment. Wort et al. (1973) demonstrated that, when applied to foliage, potassium naphthenate stimulated metabolic processes and growth in Phaseolus vulgaris L., perhaps by increasing respiration rates and photosynthetic efficiency (Wort 1976) . However, Wort et al. (1973) and Wort (1976) showed that plant growth stimulation was also induced by leaf-applied cyclohexanecarboxylic acid, one of the members of the NAs mixture, but plant growth was unaffected by other NAs. We observed growth inhibition in response to NAs treatment. It is possible that, despite similar chemical and physical properties, individual NAs may exert different effects on plants.
Treatments with NAs resulted in concomitant decreases in L p and g s . In previous studies (Wan and Zwiazek 1999 , Kamaluddin and Zwiazek 2001 , a similar response was observed in plants after blocking root water channels and the effect was partly restored when the blocking agent was removed. The effect of root water channels on stomatal activity can be explained through changes in shoot hydration as a result of altered water flow . Therefore, in NAs-treated plants, inhibition of root metabolism and the resulting reduction in root water flow was likely responsible for the decline in g s . Some studies have also suggested the involvement of hormonal signals, such as abscisic acid (ABA), to explain the reduction in g s (Poljakoff-Mayber and Lerner 1994, Robinson et al. 1997) . Although found no changes in root water flow properties in ABA-treated aspen, the possibility that hormonal signals are involved in inducing stomatal closure in NAs-treated plants cannot be discounted.
Because of interfering compounds, there are presently no reliable methods to analyze NAs in plant extracts. However, we did measure NAs in the xylem sap of plants from selected treatments. The presence of NAs in the xylem sap suggests that they could enter the leaf tissues and affect leaf membrane integrity. However, NAs treatments did not alter electrolyte leakage in leaf tissues (data not shown). This confirms the results of our previous study, where mine tailings water containing NAs had no affect on leaf membrane integrity in aspen (Renault et al. 1998 ).
There were large decreases in P n and leaf chlorophyll concentrations in seedlings treated with NAs. It is unclear whether chlorophyll formation and P n were affected directly or indirectly by the root-absorbed NAs. The decrease in P n could be attributed both to the decrease in chlorophyll concentrations (Thompson et al. 1988 ) and the reduction in leaf g s . Also, a reduced supply of essential mineral nutrients to shoots can adversely affect the formation of leaf chlorophyll and proper functioning of photosynthesis (Islam et al. 1980 , Szabolcs 1994 ). Although we did not examine tissue nutrient concentrations, we observed stunted growth of plants and leaf chlorosis that could be indicative of nutrient deficiencies. Because NAs have surfactant properties, they could affect root nutrient uptake. It is also possible that, like other hydrocarbons (Baker 1970) , NAs displace membrane lipids and reduce leaf chlorophyll concentrations through their effect on the thylakoids.
The reduction in P n could have an overall negative impact on growth. The decrease in leaf areas observed in NAs-treated aspen seedlings may be associated with decreased P n . However, the possible effect of NAs on leaf water uptake and the consequent effect on leaf expansion should also be considered among possible causes of the observed decreases in leaf areas. In our previous study (Renault et al. 1999) , aspen seedlings showed a significant decrease in shoot water potential in response to consolidated tailings water containing NAs. A decrease in leaf water potential has been associated with a decline in L p in salt-stressed tomato plants (Lycopersicon esculentum L.; Rodriguez et al. 1997) . Therefore, the NAs-induced decline in L p could be the primary cause of the observed declines in g s , leaf chlorophyll concentrations, P n and leaf growth.
In summary, we observed large decreases in root water flux, root respiration, leaf stomatal conductance, photosynthesis, chlorophyll concentration and leaf size in aspen seedlings treated with NAs. We suggest that NAs affected gas exchange and growth in aspen by interfering with metabolic processes, which resulted in inhibition of root water channel activity and affected plant water relations. This inhibition was likely responsible for the reduction in leaf size by NAs. Although some earlier studies showed growth stimulation by NAs sprayed on foliage, possible negative effects of soil-borne naphthenic acids on plant growth should be considered when selecting plants for revegetation of oil sands reclamation areas.
